Introduction
dissociates from the N R binding site and IF3C moves towards the C2, near the P site. 125
While occupation of the C2 binding site would interfere with the formation of inter-subunit 126 bridges (reviewed in [25] ), positioning of IF3N would contribute to shape the tRNA fMet 127 binding site. 128
Thus, the 30S-IFs complex assembles in ≈ 30 ms [4] and rearranges in ≈ 1 s (this work). 129
This intermediate of translation initiation is characterized by a high affinity of IF3, and 130
consequently, it prevents the binding of the 50S subunit [4] [26] . On the other hand, when 131 a canonical start codon of the mRNA is present in the P site, the initial interaction of fMet-132 tRNA fMet with the 30S complex is followed by codon-anticodon formation. The resulting 133 30S IC, in comparison to the pre-IC, displays an increased dissociation rate constant (k off ) 134 of IF3 from the 30S subunit [4, 5] . To probe how IF3 interdomain dynamics relate to the 135 differential off rates of the factor, we first measured fMet-tRNA fMet binding to 30S 136 complexes containing IFs but lacking the mRNA. The resulting fluorescence traces 137 increased with time, indicating a re-accommodation of either (or both) IF3 domains, 138 moving away from each other (Fig 3A) . Kinetic analysis obtained at increasing 139 concentrations of fMet-tRNA fMet showed a linear dependence of velocities with tRNA 140 concentrations, consistent with IF3 DL monitoring the initial interaction of the fMet-tRNA fMet 141 with 30S pre-IC lacking the mRNA (Fig 3B) . Our results indicate that the fMet-tRNA fMet rapidly binds to the 30S complex, k 1 = 17 µM -1 s -1 , and can readily dissociate, k -1 = 1 s -1 . 143
Both kinetic parameters are in agreement with previous studies where different FRET pairs 144 were used to monitor fMet-tRNA fMet binding to 30S pre-ICs [27] . Thus, the initial interaction 145 of fMet-tRNA fMet entails the partial opening of IF3, probably as a consequence of 146 displacing IF3N rather than IF3C. Altogether, the formation of the 30S pre-IC lacking the 147 mRNA entails an IF3 layout where IF3C is positioned at the C2 site and IF3N is pushed by 148 the initiator tRNA towards the N R site. The reaction is rapid and under our experimental7 conditions (1 µM of fMet-tRNA fMet ) IF3 accommodation during 30S pre-IC formation shall 150 take less than 50 ms. 151
The extent of IF3 DL signal as a function of fMet-tRNA fMet recruitment depended on the 152 presence of the mRNA. As indicated in Fig 3A, mRNA-programmed 30S complexes 153 produced larger amplitudes of IF3 DL opening if compared with complexes without mRNA. 154
In addition, the fluorescence trace appeared biphasic in time, indicating a further 155 accommodation of IF3 DL following the initial binding of fMet-tRNA fMet (Fig 1, step 4, Fig  156   3A ). Kinetic analysis of time courses obtained at increasing concentrations of fMet-157 tRNA fMet showed that the velocities of the fMet-tRNA fMet accommodation step in 30S pre-158
ICs containing the mRNA tended to saturate at 4 s -1 (Fig 3C, Supp. Fig 2D) . These 159 experimental data, coupled with the structural modeling, support a model where IF3 160 accommodates the fMet-tRNA fMet on the P site, most likely through IF3N evaluating 161 intermediates of initiator tRNA and IF3C moving back towards the C1 position (Fig 1, steps  162 4,5). Both reactions push IF3 domains away from each other. 163
However, the complexity of the above reactions precluded us to obtain accurate 164 information on the kinetics of mRNA start site decoding. To overcome this limitation, we 165 set up an experiment where 30S pre-ICs were pre-bound to fMet-tRNA fMet and mixed with 166 increasing concentrations of mRNA. Mixing of the mRNA with 30S pre-ICs resulted in an 167 increase of IF3 DL fluorescence, indicating an increase of distance between IF3 domains 168 with velocities saturating at 0.3 s -1 (Fig 3D,E , Supp. Fig 2E) . The increase of fluorescence 169 observed in this experimental setup is likely the result of the displacement of IF3C from C2 170 towards the C1 binding site (Fig 1, step 5 ) rather than repositioning IF3N, which is affected 171 by the presence of the pre-bound initiator tRNA (see above). Accordingly, structural 172 modeling of IF3 DL on 30S IC structures indicate that the IF3C displacement accounts for 173 comparison of the velocities for all IF3 movements suggests that the displacement of IF3C 175 towards the C1 binding site is the slowest, likely occurring during decoding of the mRNA 176 start site. Thus, our results show that the IF3C displacement is the slowest step, rate-177 limiting the progression of 30S IC formation and taking about 3 s. 178
The progression towards 30S IC formation entails an isomerization or locking step 179 between the 30S pre-IC and 30S IC (reviewed in [28] ). Both complexes are identical in 180 terms of bound ligands; yet, they differ in their biochemical properties. While the off rates 181 of IF1, IF2, mRNA, and initiator tRNA are greatly reduced in the locked 30S IC, that of IF3 182 is increased [4] . Thus, the alternative binding sites of IF3C can be associated to the 183 differential IF3 off rates observed in the unlocked and locked 30S complexes. While the C1 184 binding site would represent fast off rates, the C2 can be responsible of the slow 185 dissociation rates for IF3. The C1 binding site can be proposed as both, the entry and exit 186 position for IF3C, while the C2 site can be proposed as the active site for IF3C. 187
Joining of the 50S to 30S ICs results in an unstable 70S pre-IC which upon release of IFs 188 allows the formation of a 70S IC capable of translating the in-frame mRNA [5, 11] . The 189 reaction appears to be sequential [11] and to be tightly regulated by IF3 [5, 26, 29] . 50S 190 joining to 30S ICs with IF3 DL resulted in a fluorescence decrease over time, indicating a 191 closure of the factor upon dissociation (Fig 1, step 6, Fig 4A) initiator tRNA binding (increase from 0.5 to 1.0) and the following closing due to IF3 202 ejection from the resulting 70S IC (decrease from 1.0 to 0.0) (Fig 4C) . The rate of the latter 203 was very similar to that monitored upon mRNA binding to 30S pre-ICs, indicating that 204 decoding of the start codon and the subsequent movement of IF3C to the C1 site, rate 205 limits 70S IC formation. In the absence of the mRNA, IF3 DL in the 30S pre-IC still sensed 206 the arrival of fMet-tRNA fMet ; however, IF3 dissociation was missing and the factor 207 appeared to adopt its initial layout (Fig 4C) . Whether initiator tRNA stays bound or 208 dissociates from these complexes, remains an open question. 209
Our intramolecular FRET approach to measure IF3 interdomain layouts during 30S IC 210 formation and comparison with theoretical distance changes between fluorophores 211 revealed a timely model for the functional IF3 cycle: from binding to dissociation (Fig 5) . 212
The combination of both approaches indicates subsequent movements of IF3 domains, in 213 response to the recruitment of each 30S ligand and within a detailed temporal framework. 214 While IF1 and IF2 cooperatively allow IF3C sensing start codon decoding, movements of 215 IF3N appear to be coupled to fMet-RNA fMet binding and subsequent accommodation. Our 216 study reveals the kinetics associated to each movement of the factor with remarkable 217 insights. First, IF3C moves to the C2 site in 0.1 -1 s, induced by IF1 and IF2 recruitment, 218 (Fig 1, Steps 2,3 ) likely responsible for preventing the premature joining of the 50S 219 subunit. Second, IF3N dissociates from the 30S platform to interact with fMet-RNA fMet , with 220 a subsequent tRNA accommodation towards the P site (Fig 1, Step 4,5). Third, decoding 221 of the mRNA start site by the P-site initiator tRNA displaces IF3C towards the C1 site. This 222 event, which is a rate-limiting step for the formation of the 30S IC (≈ 3 s) allows joining of 223 the 50S subunit (Fig 1, Step 5). Finally, IF3 dissociates during 70S IC formation in lessthan 250 ms and the factor is now ready to bind a newly available 30S subunit (Fig 1, Step 225
6, Fig 5). 226
A model where each IF3 domain moves independently can fully accommodate our current 227 understanding of the dynamics of the factor, on and off the ribosome (movie in 228 supplementary materials). In this perspective we report the dynamics and directionality of 229 IF3 movements resulting from the interaction of each translation initiation ligand with the 230 30S subunit. We observe the sequential reduction of inter-domain distance towards the 231 assembling of the 30S pre-IC lacking the initiator tRNA. Although, from our FRET studies 232 we cannot derive the position of IF3 domains on the ribosome, we observe an interdomain 233 distance trend similar to the hypothetic progression of available 30S IC structures and 234 modeling of IF3 DL (Fig 5, steps 1 initiation. This step would allow to build 70S pre-ICs in less than 250 ms followed by a 257 rapid and directional cascade of reactions that ultimately leads to a productive and ready-258
to-elongate 70S IC [11] 259
In summary, we describe the functional conformations of IF3 defining with high accuracy 260 the distances and temporal framework (movie in supplementary materials) covered by 261 both domains of the factor in correlation with all events taking place during the translation 262 initiation process. Altogether, this work allows to accurately assign the speed and nature of 263 elemental movements of IF3 behind its essential fidelity function. 264
265

Materials and Methods 266 267
Escherichia coli strains, expression vectors, cell growth and protein expression 268
Expression vectors pET24c containing InfA, InfB, InfC, and InfC-E166C were acquired 269 commercially (GenScript, USA). Competent E. coli BL21 (DE3) cells were CaCl 2 270 transformed (Mix & Go, ZymoResearch, USA) with expression vectors coding for IF1 wt, 271
IF2 with an NTD His-tag, IF3 wt or IF3 E166C . Typically, 2 L of Luria Bertani (LB) medium 272 were used to grow the BL21 (DE3) strains to an OD 600 nm of 0.5. Protein expression was 273 induced by adding 1 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG, ThermoScientific,USA). Cells were allowed to express the factors for 3 hours prior to harvesting by 275 centrifugation at 5000 x g at 4°C. Cells were lysed by sonication (20 cycles of 10 s 276 followed by 30 s without sonication) in Buffer A (50 mM Hepes (pH 7.1), 100 mM NH 4 Cl, 277 10 mM MgCl 2 , 10 % Glycerol, 6 mM 2-mercaptoetanol) for IF1 and IF3; or Buffer B (50 mM 278 Sodium Phosphate buffer (pH 7.7), 300 mM NaCl, 30 mM Imidazole) for IF2. Debris and 279 supernatant were separated by centrifugation at 15,000 x g for 30 min a 4 ˚C. 280 281
Purification of Initiation Factors 282
Initiation factors IF1 and IF3 were purified by Cation exchange chromatography on a 283
HiTrap TM SP HP column (GE Healthcare Life Sciences, Uppsala, Sweden). Cleared lysates 284
were loaded onto the column (1 mL column volume, CV) and subsequently subjected to a 285 linear NH 4 Cl gradient (0.05 -1 M) in Buffer A using a HPLC system (Jasco, Japan). IF3 286 and IF1 eluted at 700 mM and 400 mM NH 4 Cl, respectively. Best separation conditions 287 were found at 1 mL/min flow rate and 20 CVs long gradient, collecting fractions of 1 mL 288 each. Protein elution was followed by absorbance at 290 nm and SDS-Polyacrylamide Gel 289
Electrophoresis (SDS-PAGE, 15 %). While IF3 eluted with an elevated degree of purity, 290 IF1 fractions contained high molecular weight contaminants. Protein contaminants were 291 eliminated by subjecting the combined IF1 fractions to Amicon® Ultra 30K Da centrifugal 292 filters (Merck, Germany) followed by concentration on a HiTrap 10 % Glycerol, 6 mM 2-mercaptoethanol) and small aliquots were stored at -80 °C. Purity 296 was assayed by 15% SDS-PAGE and total protein staining using blue coomassie. 297
Initiation factor IF2 was purified by affinity chromatography on a Histrap FF crude column 298
(1 mL). Supernatants were manually loaded to the column, followed by 5 mL of wash 299 buffer (50 mM Imidazole in Buffer B) and to 2.5 mL of elution buffer (250 mM Imidazole inBuffer B). The first 1.5 mL were collected and subjected to dialysis in Buffer A. Finally, IF2 301 was further purified by Cation exchange chromatography as explained above for IF1 and 302
IF3. 303
Double labeling of IF3 304
IF3 E166C was subjected to extensive dialysis in Labeling buffer (50 mM Hepes (pH 7.1), 305 100 mM NH 4 Cl, 10 % Glycerol and 0.5 mM TCEP) in a D-Tube™ Dialyzer Maxi (EMD 306
Millipore Corp, Billerica, USA) to remove traces of 2-mercaptoethanol as the reducing 307 agent strongly inhibits the coupling to maleimide linked dyes to cysteines. First, the C-308
terminal was labeled at the recombinant cysteine (C166) as it is exposed and efficiently 309 reacts with maleimide derivatives. A 10-fold excess of Atto-540Q maleimide (Atto-Tec 310
GmbH, Siegen, Germay) over IF3E 166C was incubated in Labelling buffer for 20 minutes. 311
The reaction was stopped by the addition of 6 mM 2-mercaptoethanol. The modified 312 IF3 C540Q was purified from unreacted dyes on a HiTrap SP HP column as described above. 313
After 10 CV washes with Buffer A containing 100 mM NH 4 Cl, a single step elution was 314 applied using 3 mL of 1 M NH 4 Cl in Buffer A. Typically, full protein recovery is achieved in 315 0.5 mL and elution of the labeled protein is readily visible. IF3 C540Q was subsequently 316 dialyzed as mentioned above in labeling buffer containing 2 M UREA. The partial 317 denaturation of IF3 results in the exposure of the otherwise buried cysteine at position 65 318 of the NTD. The unfolded protein was incubated with a 10-fold molar excess of Alexa488 319 maleimide (Invitrogen, USA) for 1h at RT, mild shacking was applied. IF3 C540Q-N488 (IF3DL) 320 was purified from the unreacted dye as described above using HiTrap SP HP column. 321
Eluted proteins were dialyzed against Storage buffer and small aliquots were stored at -322 80°C. Purity and efficiency of labeling was assayed by 15% SDS-PAGE where 323 fluorescence was observed under a UV trans-illuminator and total protein was determined 324
by Blue Coomassie staining.30S and 50S ribosomal subunits were purified from tight coupled 70S ribosomes by 327 sucrose gradient centrifugation under dissociative conditions (3.5 mM MgCl 2 ), essentially 328 as described [31] . 30S subunits were reactivated by 20 mM MgCl 2 treatment for 30 min at 329 37 ˚C prior to use. fMet-tRNA fMet was in vitro aminoacylated, formylated, and purified by 330 reverse phase HPLC as described [31] . The model mRNA was chemically synthetized and 331 commercially acquired from Trilink (USA) or Microsynth (Switzerland) with the following 332 sequence: AAA CAA UUG GAG GAA UAA GGU AUG UUU GGC GGA AAA CGA. 333
Stopped-Flow measurements and analysis 334
Fluorescence stopped-flow measurements were performed using a SF-300X stopped-flow 335 apparatus (KintekCorp, USA) or a SX20 (Applied Photophysics, UK) by rapidly mixing 336 equal volumes of each reacting solution. The excitation wavelength for Alexa 488 was 470 337 nm. The emission signal was measured after a long-pass optical filter with a 515 nm cut-338 off. 1000 points were acquired in each measurement. 7 to 10 replicates were recorded for 339 each reaction and subsequently averaged. All stopped flow reactions were performed in 340 TAKM 10 buffer (50 mM Tris (pH 7.5), 70mM NH 4 Cl, 30 mM KCl, 10 mM MgCl 2 , 6 mM 2-341 Mercaptoethanol) at 25˚C. Unless otherwise stated, 30S complexes were prepared by 342 mixing 0.1 µM 30S, 0.08 µM IF3 DL , 0.3 µM IF1,2, 100 µM GTP, 0.5 µM mRNA or fMet-343 tRNA fMet . Mixtures were incubated at 37 ˚C for 30 min and centrifugated at 14000 x g for 5 344 min prior to the measurement. Fluorescence time courses were baseline removed, and to 345 highlight the overall conservation of the signal along the full cycle of IF3, an amplitude 346 factor corresponding to the previous reaction was added. All graphical representations 347 have the same y axis range and represent change of Volts as measured by the Instrument 
